As the Southern Ocean cooled to À1.8°C over the past 40 My, the teleostean clade Notothenioidei diversified and, under reduced selection pressure for an oxygen-transporting apparatus, became less reliant on hemoglobin and red blood cells. At the extreme of this trend, the crown group of Antarctic icefishes (Channichthyidae) lost both components of oxygen transport. Under the decreased selection scenario, we hypothesized that the Antarctic dragonfishes (Bathydraconidae, the red-blooded sister clade to the icefishes) evolved lower blood hemoglobin concentrations because their globin gene complexes (a-and b-globin gene pairs linked by a regulatory intergene) transcribe globin mRNAs less effectively than those of basal notothenioids (e.g., the Nototheniidae [notothens]). To test our hypothesis, we 1) sequenced the a/b-intergenes of the adult globin complexes of three notothen and eight dragonfish species and 2) measured globin transcript levels in representative species from each group. The typical nototheniid intergene was ;3-4 kb in length. The bathydraconid intergenes resolved into three subclasses (long [3.8 kb], intermediate [3.0 kb], and short [1.5-2.3 kb]) that corresponded to the three subclades proposed for the taxon. Although they varied in length due to indels, the three notothen and eight dragonfish intergenes contained a conserved ;90-nt element that we have previously shown to be required for globin gene transcription. Using the quantitative polymerase chain reaction, we found that globin mRNA levels in red cells from one notothen species and from one species of each dragonfish subclade were equivalent statistically. Thus, our results indicate that the bathydraconids have evolved adult globin loci whose regulatory intergenes tend to be shorter than those of the more basal nototheniids yet are equivalent in transcriptional efficacy. Their low blood hemoglobin concentrations are most likely due to reduction in hematocrit.
Introduction
The Southern Ocean surrounding Antarctica began to cool ;41 to 30 million years ago (Ma) following the opening of the Drake Passage between South America and the Antarctic Peninsula (DeWitt 1971; Eastman 1993; Scher and Martin 2006) , the establishment of the Antarctic Circumpolar Current, and a concomitant decline in atmospheric CO 2 (DeConto and Pollard 2003) . By the time the Southern Ocean attained its present frigid temperatures (À2 to þ2°C) ;14 to 10 Ma, most temperate shallow-water marine teleosts had become locally extinct (Eastman 2005) , which created new ecological niches for other taxa, such as the perciform taxon Notothenioidei, that were diversifying in situ. Today, the modern fish fauna of the Southern Ocean is taxonomically restricted, highly endemic, and singularly dominated by notothenioid species, which constitute 77% of species and 90% of biomass on the Antarctic continental shelf (Eastman 2005 ).
The notothenioids have undergone rapid morphological, molecular, and ecological diversification as they adapted to a cold highly oxygenated environment (Cheng and Detrich 2007) . Musculoskeletal diversification away from the ancestral benthic condition toward pelagic or partially pelagic zooplanktivory enabled the taxon to exploit unfilled niches in the water column (Eastman 1993 (Eastman , 2005 Albertson et al. 2010) . The acquisition of novel antifreeze proteins (Chen et al. 1997; Cheng and Chen 1999) by notothenioids and their loss of an inducible heat shock response (Hofmann et al. 2000; Buckley et al. 2004 ) are examples of novel traits that evolved in a perennially icy environment. The universal loss of the oxygen-transport protein hemoglobin by icefishes (the notothenioid crown group, Channichthyidae), which is due to disruption and deletion of the globin loci (Cocca et al. 1995; Zhao et al. 1998; Near et al. 2006) , and their variable loss of myoglobin expression (Sidell and O'Brien 2006) are perhaps the most perplexing ''adaptations'' of the notothenioids. Ruud (1954) , who published the first systematic analysis of the blood of icefishes, proposed that the loss of hemoglobin (and erythrocytes) by icefishes could only have occurred in the extremely cold-and oxygen-rich waters of the Southern Ocean, an environment in which selective pressure to express an oxygen transport protein is reduced or absent. Thus, it is not surprising that one may poison the hemoglobins of some red-blooded nototheniids with carbon monoxide without lethal effect .
The a-and b-globin gene loci of mammals and birds have long been recognized as an important model for analysis of gene regulation by proximal and distal regulatory sequences and their associated transcription factors (Miele and Dekker 2008) . Developmental regulation of the expression of the a-globin genes entails long-range sequential interaction of their cis-acting a-globin major regulatory element (aMRE, located 30-70 kb upstream of the a cluster) with the promoters of the individual genes (Tsiftsoglou et al. 2009; Sankaran et al. 2010) . Similarly, sequentially regulated expression of the b-globin cluster is controlled by the distant, cis-acting b-globin locus control region (Tsiftsoglou et al. 2009; Sankaran et al. 2010) . Until recently, relatively little was known about the organization and regulated expression of globin genes in teleost fishes. Early studies indicated that teleost a-and b-globin genes are typically linked in 5#-to-5# orientation (McMorrow et al. 1996; Chan et al. 1997; Miyata and Aoki 1997; Lau et al. 2001; Brownlie et al. 2003) , but more recent work has shown that alternative linkage arrangements also occur (Gillemans et al. 2003; Maruyama et al. 2004 Maruyama et al. , 2007 Quinn et al. 2010; Wetten et al. 2010) . Gillemans et al. (2003) suggested that the globin genes of Fugu rubripes are regulated by transcription factor interaction at their proximal promoters and that long-range regulation is not present, but it is now clear that some teleosts possess at least an aMRE (Flint et al. 2001; Maruyama et al. 2007 ). Thus, teleost globin genes apparently possess a regulatory apparatus, including proximal cis-acting promoter motifs, distal regulatory regions, and a suite of erythroid transcription factors, that is remarkably similar to those of better-characterized vertebrate taxa.
There is a general consensus in the literature that the common notothenioid ancestor of the Bathydraconidae (dragonfishes) and the Channichthyidae (icefishes) was characterized by decreased hematocrit, blood hemoglobin concentrations, and globin chain multiplicity (D'Avino and di Prisco 1988; Kunzmann et al. 1991; Bargelloni et al. 1998; di Prisco et al. 2007; Wujcik et al. 2007; Beers et al. 2010) , with the dragonfishes representing the extreme of these trends among red-blooded notothenioid taxa (Kunzmann et al. 1991) . One may ask whether the decline in hemoglobin concentration in blood is linked causally to hematocrit, to erythrocytic expression of hemoglobin, or to both. We sought to test these possibilities by examining globin gene expression in the dragonfish clade, in which blood parameters have been established, at least partially, for 9 of 16 species (Kunzmann et al. 1991) . If variability of globin gene expression contributes to low blood hemoglobin concentrations, the most likely cause would be transcription-attenuating alterations to the cis-acting promoters and/or long-range regulatory elements of their globin genes. As a first test of this hypothesis, we focused on the regulatory role of the intergenic promoter regions of the dragonfish globin gene complexes. Specifically, we 1) sequenced the intergenic regions of the adult globin gene complexes of eight dragonfish species and compared them with the adult intergenes of three species from the more basal group, Nototheniidae, and 2) measured the steady-state levels of a-and b-globin mRNAs (as proxies for their respective protein concentrations) in erythrocytes obtained from a representative subset of dragonfish and notothen species.
We report here that the ancestral notothenioid adult a/b globin intergene, deduced by comparison of the intergenes of three nototheniid species, is probably ;3 kb in length. By contrast, the intergenic regions of the bathydraconids are usually shorter than those of the nototheniids, and their lengths fall into three classes that are concordant with the three proposed subclades of this paraphyletic taxon (Derome et al. 2002) . Irrespective of length, all nototheniid and bathydraconid intergenes contain a conserved ;90-nt element that we have previously shown to be required for globin gene transcription (Lau et al. 2001) . When analyzed by quantitative polymerase chain reaction (qPCR), steady-state levels of a-and b-globin mRNAs in red cells from one notothen species and from three species of dragonfish (one species from each subclade) are equivalent statistically. We conclude that the bathydraconids have evolved adult globin loci whose shorter regulatory intergenes retain an essential proximal regulatory element that, in concert with their presumed distal control regions, yield transcriptional efficiencies equivalent to the globin gene complexes and regulatory machinery of more basal notothenioids. Therefore, the low blood hemoglobin concentrations reported for the Bathydraconidae almost certainly result from their reduced hematocrits and cannot be attributed to alterations to the globin gene regulatory apparatus.
Materials and Methods

Nototheniid Genomic Libraries/Cloning and Sequencing of Adult Globin Gene Complexes
To establish a likely ancestral structure of the adult a/b globin gene complexes of the red-blooded Notothenioidei, we cloned the complexes from genomic libraries of two species belonging to the basal Antarctic clade Nototheniidae. The bacterial artificial chromosome (BAC) library of Notothenia coriiceps genomic DNA (VMRC19, available from the BACPAC Resource Center, Children's Hospital Oakland Research Institute, Oakland, CA) was prepared from high molecular weight erythrocyte DNA using the vector pCCBACE1 (Epicentre Technologies, Madison, WI) according to standard protocols (Amemiya et al. 1996; Osoegawa et al. 1998; Danke et al. 2004; Detrich et al. 2010 ). The Dissostichus mawsoni genomic DNA library in Lau et al. · doi:10.1093/molbev/msr278 MBE Lambda FIX II, prepared from spleen, was generously provided by Dr Christina Cheng (University of Illinois, Urbana).
The N. coriiceps BAC library was screened for the a/b globin gene complex by simultaneous probing of high-density filters with N. coriiceps a-and b-globin cDNAs (GenBank accession numbers: U09186 and U09187, respectively); probes were labeled with 32 P by random priming. Fifty-five positive clones were screened further using genomic probes corresponding to the a-globin gene, to the b-globin gene, and to the intergenic region that links the two genes (cf. GenBank accession number: AF049916). Four BAC clones hybridized to each of the three probes. One (BAC-B9) was chosen for BamHI digestion, and the insert fragments were subcloned into pBluescript (Stratagene). DNA inserts were sequenced on both strands using automated methods by the University of Maine DNA Sequencing Facility (Orono, ME) or by MWG-The Genomic Company (Huntsville, AL).
Similarly, the D. mawsoni genomic library was screened for the adult globin complex using mixed a-and b-globin genomic DNA clones from N. coriiceps. The double-positive clone, DM7, was sequenced completely on both strands.
Collection of Dragonfishes, Storage of Tissues, and Isolation of Genomic DNAs
Specimens of eight dragonfishes (Bathydraconidae) were collected by bottom trawling in the Antarctic Peninsula region, the Ross Sea, or the Weddell Sea over the course of several Antarctic expeditions. Following euthanasia of the fishes, spleens from some animals were dissected, flash frozen in liquid nitrogen, and stored at À80°C. Pectoral fin clips were stored in 95% ethanol at À20°C. Blood samples, collected from MS-222-anesthetized specimens by caudal venipuncture using sodium citrate as an anticoagulant, were flash frozen in liquid nitrogen and stored at À80°C.
Genomic DNAs of Akarotaxis nudiceps (UTTC1795), Cygnodraco mawsoni (TJN2050), Gerlachia australis (UTTC1722), Gymnodraco acuticeps (HWD116), Parachaenichthys charcoti (TJN2009), Parachaenichthys georgianus (HWD118), Prionodraco evansii (TJN2300), and Vomeridens infuscipinnis (HWD117) were obtained from spleen samples archived at À80°C (H.W.D.) or from ethanol-fixed fin clips (T.J.N., University of Tennessee Tissue Collection) using methods previously described (Near et al. 2006 ).
Cloning and Sequencing of the Intergenic Regions of the Bathydraconid Globin Loci
Because the adult a-and b-globin genes of notothenioids are tightly linked 5#-to-5# (,5 kb between start codons for species examined to date), their intergenic regions, which we define as the sequences that separate the start codons, were amplified during the first round by using PCR and forward and reverse primers derived from the first exons of each gene pair. Supplementary table S1 (Supplementary Material online) gives the sequences of each primer, and Supplementary table S2 (Supplementary Material online) indicates the primer pairs used for each species. PCR reactions (50 ll total volume) contained 200 lM deoxyribonucleotide triphosphates, 0.5 lM of each primer (forward from a-exon 1 and reverse from b-exon 1), 0.5-1.0 mM MgCl 2 , 1-2 ll of dimethyl sulfoxide, 1Â Advantage 2 PCR buffer, 0.6Â Advantage 2 PCR polymerase, 0.1-0.3 lg of genomic DNA, and sterile water to volume. Touch-down PCR (Don et al. 1991; Roux 1995) was performed for ten cycles using the following parameters: 1) denaturation at 95°C for 30 s; 2) primer annealing for 1 min, ramping temperature from 65 to 55°C in 1°increments/cycle; and 3) extension at 68°C for 5 min. Subsequently, 20 cycles of conventional PCR were performed using the following profile: 1) denaturation at 94°C for 30 s, 2) primer annealing at 58°C for 1 min, and 3) extension at 68°C for 5 min. PCR products were electrophoresed on 1% agarose gels, and the desired DNA fragments were purified by use of the Qiagen (Valencia, CA) Qiaquick gel purification kit.
DNA fragments were subcloned by ligation into the PGEM-T Easy vector (Promega, Madison, WI), and the recombinant plasmids were transformed into competent NEB 5-alpha Escherichia coli cells (New England BioLabs, Ipswich, MA). Transformed cells were spread onto LuriaBertani broth (LB)-Amp plates and grown overnight in the presence of X-Gal and IPTG. White colonies were picked and grown overnight in LB (Ruther 1980) . Plasmids were purified from the liquid cultures following the Wizard Plus Miniprep (Promega) protocol. Plasmid inserts were sequenced by automated methods on both strands as described under the Nototheniid Genomic Libraries/Cloning and Sequencing of Adult Globin Gene Complexes section.
Sequence Analysis of Globin Intergenic Regions
Programs of the DNASTAR Lasergene package were used to align and compare the intergenic DNA sequences and to calculate pairwise sequence identities; minor adjustments were made using BioEdit (Hall 1999) . To identify potential promoter and enhancer motifs, sequences were analyzed with Matinspector and the ElDorado Genomes database (Genomatix, Munich, Germany). The intergenic sequences were also scanned for the presence of the direct and inverted repetitive elements described for N. coriiceps by Lau et al. (2001) .
GenBank Data Deposition
Using genomic DNA as template, we (Near et al. 2006 ) had previously amplified and sequenced the adult a-globin genes of A. nudiceps (DQ317934), G. australis (DQ317938), P. evansii (DQ317941), C. mawsoni (DQ317939), and G. acuticeps (DQ317940). In this study, we completed the adult globin loci of these species by sequencing the linked b-globin genes and the intergenic regions. The corresponding GenBank files have been updated to incorporate the new sequence information. The complete sequences of the a/b globin loci of P. georgianus, V. infuscipinnis, and D. mawsoni have been deposited in GenBank under the accession numbers FJ792839, FJ92838, and FJ896404, respectively.
qPCR Measurement of Steady-State Globin mRNA Levels Total RNA was purified from equivalent volumes of blood (see Collection of Dragonfishes, Storage of Tissues, and Globin Gene Regulatory Regions of Antarctic Dragonfishes · doi:10.1093/molbev/msr278 MBE Isolation of Genomic DNAs) of N. coriiceps (n 5 5), G. acuticeps (n 5 2), V. infuscipinnis (n 5 4), and P. charcoti (n 5 1) by use of an RNeasy kit (Qiagen) followed by treatment with DNAse I to remove residual genomic DNA. First-strand cDNA was synthesized from 200 ng of total RNA using an NEB Protoscript kit (New England BioLabs). qPCR was performed with first-strand cDNA as template by the SYBR Green 2 protocol (http://docs.appliedbiosystems.com), and amplification traces of samples (in triplicate) were recorded on an Applied Biosystems Prism 7000 and analyzed with ABI Sequence Detection Software (v. 1.2.3). The qPCR thermal profile was 1) 50°C for 2 min, 2) 95°C for 10 min, and 3) 40 cycles of 95°C for 15 s and 60°C for 1 min. Two independent first-strand cDNAs were prepared for each specimen; the first was analyzed twice by qPCR, whereas the second was run once.
We set up our PCR plates for analysis by the relative standard curve method (see http://docs.appliedbiosystems.com). Thus, each sample plate included aliquots of doublestranded cDNA encoding N. coriiceps b globin for use in establishing a standard curve. cDNA samples from each species were analyzed for a-globin mRNA, b-globin mRNA, and 16S rRNA using gene-specific primers (table 1). The cycle threshold values for each sample were used to determine RNA amounts by reference to the standard curve. Globin mRNA quantities for each species were then normalized to that of its 16S rRNA. Finally, mean values of the normalized a-and b-globin mRNA levels of each species were calibrated by dividing by the corresponding globin mRNA quantities of N. coriiceps. Globin levels for the single P. charcoti specimen were also calibrated to N. coriiceps.
Most dragonfish species are rare and live at substantial depth (typically .300 m) (Gon 1990 ), which makes largescale sampling problematic. Due to the small sample sizes of the dragonfishes, which were collected during our 2010 field campaign, our statistical analysis of steady-state globin mRNA levels employed nonparametric tests of significance (Wilcoxon/Kruskal-Wallis Tests: Rank Sums, implemented in the JMP software package, v. 5.0; SAS, Cary, NC). Figure 1 shows a phylogenetic tree that illustrates the relationships among the eight bathydraconids examined in this report and places this derived taxon in the context of six of the eight recognized notothenioid clades. The eight bathydraconid species included representatives of each of the three proposed subclades (Derome et al. 2002) : Gymonodraconinae (G. acuticeps), Bathydraconinae (P. evansii, A. nudiceps, and V. infuscipinnis), and Cygnodraconinae (C. mawsoni, P. charcoti, P. georgianus, and G. australis). Three species of the basal and largely high Antarctic clade, the Nototheniidae (D. mawsoni, Notothenia angustata, and N. coriiceps), served as outgroups for our analyses.
Results
Phylogenetic Relationships
Reappraisal of the Adult Globin Locus of the Nototheniidae
We have previously reported (Lau et al. 2001 ) that the bullhead notothen, N. coriiceps (also known as the yellowbelly angustata, possess adult a-and b-globin genes that are tightly linked in 5#-to-5# orientation. The two a/b globin gene complexes are similar, with the exception of a 1.1-kb repeat-containing segment that is present only in the Antarctic species. Furthermore, the N. coriiceps intergenic region functions in both orientations as a stronger promoter than the intergene of N. angustata, which suggests that the duplicated region contributes additional cis-regulatory elements that enhance transcription. As we studied the globin pseudogenes of Antarctic icefishes (Near et al. 2006) and began to characterize the functional globin intergenic regions of the dragonfishes (this report), we also reassessed the structure of the globin gene complex of the speciose basal clade Nototheniidae by recloning the N. coriiceps locus from a BAC library and by cloning of the locus from a second Antarctic nototheniid, D. mawsoni. Figure 2 shows the structure of the adult globin intergenic regions from three nototheniids: N. coriiceps, N. angustata, and D. mawsoni. The length (4.3 kb), organization, and sequence of the N. coriiceps locus obtained from BAC clone B9, including its direct (NcDR1 and NcDR2) and indirect (not shown) repetitive elements, matched exactly the locus that we determined previously using a PCR-based cloning strategy and an independent N. coriiceps genomic DNA library in phage lambda (Lau et al. 2001) . In contrast, the D. mawsoni locus (2.9 kb) was approximately 1.5 kb shorter and, like that of N. angustata, lacked the 1.1-kb NcDR2-containing intergenic duplication of N. coriiceps. (The D. mawsoni intergene also differed from those of the Notothenia spp. due to a small (;460 bp) deletion near the start of the b-globin coding sequence.) Together these results confirm our prior description of the globin intergene of N. coriiceps but suggest that the ancestral notothenioid a/b globin locus is similar to the shorter intergenes of D. mawsoni and of N. angustata.
Structural Comparison of Bathydraconid Intergenic Regions
Supplementary figure S1 (Supplementary Material online) shows the sequences of the globin intergenic regions of eight bathydraconids. The intergenic sequences of three nototheniids, N. coriiceps, N. angustata, and D. mawsoni, are included for comparison. The dragonfish regions varied in length from ;1.6 kb (G. australis) to ;3.9 kb (G. acuticeps), whereas the nototheniid intergenes were generally larger (;2.9 kb for D. mawsoni to ;4.3 kb for N. coriiceps). Figure 3 indicates that the bathydraconid intergenes, which contained numerous insertions and deletions (indels) with respect to the nototheniids, resolved into three distinct subclasses (long [3.8 kb], intermediate [3.0 kb], and short [1.5-2.3 kb]) that corresponded to the subclades proposed for the taxon (Derome et al. 2002) : Gymonodraconinae, Bathydraconinae, and Cygnodraconinae. The correspondence of intergene subclass with species subclade was reinforced by comparison of sequence identities (fig. 4) . Thus, the intergenes of the three species of the Bathydraconinae were 0.924-0.947 identical, whereas the range for the four species of Cygnodraconinae was 0.634-0.948. Identities measured by comparisons of intergenes across the subclade boundaries were substantially smaller. Gymnodraco acuticeps was noteworthy in that it possessed an ;830-bp intergenic insertion adjacent to the a-globin gene that was not present in other species.
Gymnodraco acuticeps (Gymnodraconinae) and the three species of Bathydraconinae possessed single copies of truncated versions of the N. coriiceps direct repeat NcDR1 (Lau et al. 2001) , which includes subregions A, B, and C ( fig. 3 ; red, blue, and green rectangles, respectively). (Restriction site mapping and conservation of cis-regulatory elements demonstrated that these sequences did not correspond to the NcDR2-A, -B, and -C repeats of N. coriiceps; see fig. 3 and Discussion.) The A elements of these four bathydraconids were ;90 bp shorter than the N. coriiceps 1-A, whereas their 1-B and 1-C elements were similar in length to those of the nototheniid. By contrast, the 1-A and 1-B elements were not found in the Cygnodraconinae, which retained only part of the 1-C element (91-104 bp compared with 137 bp in NcDR1-C).
Bathydraconid Intergenic Enhancer Motifs
Using luciferase reporter technology, Lau et al. (2001) reported that the major enhancer motif of the N. coriiceps globin intergene, designated NcEnh1, resided in direct repeat subregion NcDR1-C. The retention of all, or most of, the NcDR1-C element among the dragonfishes, including the Cygnodraconinae whose intergenes have undergone extensive deletion with respect to the basal nototheniids, argues strongly for the regulatory importance of NcEnh1.
FIG. 2.
Structure of the adult globin intergenic regions from three nototheniids. The direct repeats of the Notothenia coriiceps intergene (NcDR1 and NcDR2) and their subregions (A, B, and C) are shown; N. angustata and D. mawsoni lack the 1.1-kb duplication that contains NcDR2. Mapped onto the globin intergenic regions are potential cis-acting regulatory elements: T, TATA box; C, CCAAT box; E, EKLF motif; G, GATA motif; and K, CCACC (reverse compliment of GGTGG) elements recognized by CAC-binding proteins and Sp1; M, C-Myb motif; N, NF-E2 motif. These intergenes support divergent transcription of the a-and b-globin genes, which are located to the left and right, respectively. Chevrons delineate missing sequence segments.
Globin Gene Regulatory Regions of Antarctic Dragonfishes · doi:10.1093/molbev/msr278 MBE Figure 5 compares the sequences and putative regulatory elements of the 1-C region for three notothens (N. coriiceps, N. angustata, and D. mawsoni) and for the eight dragonfishes. Like N. angustata and D. mawsoni, G. acuticeps and species of the Bathydraconinae possessed two CCACC and two GATA motifs, elements that have been implicated in the control of globin gene transcription (Myers et al. 1986; Orkin 1992; Pevny et al. 1995) . The Cygnodraconinae differed from the other dragonfishes due to elimination of the CCACC elements. Thus, one might anticipate that the transcription-stimulating activity of the Cygnodraconinae globin intergenes would be reduced relative to those of the Gymnodraconinae and Bathydraconinae. The strong sequence conservation between positions 3000 and 3050 suggests that this region, which lacked conventional erythroid gene regulatory elements, might nevertheless play a structural role in forming the globin gene transcription initiation complex (see Discussion).
Bathydraconid and Nototheniid Globin mRNA Levels-Do the Clades and Subclades Differ in Globin Gene Transcription?
To determine whether the shorter intergenes of the dragonfishes were associated with reduced transcription of their globin genes, we measured steady-state a- and   FIG. 3 . Structure of the adult globin intergenic regions of eight bathydraconids. The dragonfish intergenes fall into three size classes that correspond to three proposed subclades: Gymonodraconinae (Gymnodraco acuticeps), Bathydraconinae (Prionodraco evansii, Akarotaxis nudiceps, and Vomeridens infuscipinnis), and Cygnodraconinae (Cygnodraco mawsoni, Parachaenichthys charcoti, Parachaenichthys georgianus, and Gerlachia australis). The intergenic regions of Notothenia coriiceps and of N. angustata are shown for comparison. The direct repeats NcDR1 and NcDR2 of N. coriiceps are divided into subregions A (red), B (blue), and C (green), and intergenic sequences orthologous to the DR1 subregions of the other nine species are denoted by the same color assignments. Potential cis-acting regulatory regions are indicated (for abbreviations, see legend to fig. 2 ), and missing sequence elements are denoted by chevrons. Lau et al. · doi:10 .1093/molbev/msr278 MBE b-globin mRNA levels from erythrocytes of representative bathydraconid and nototheniid species by qPCR; one species from each dragonfish subclade was included. Figure 6 shows that the a-and b-globin transcript levels of G. acuticeps, V. infuscipinnis, and P. charcoti compared with those of N. coriiceps. Although a trend toward reduced globin mRNA levels in the bathydraconid subclades was apparent-and this trend correlated with subclade intergene length-the differences did not achieve statistical significance. Therefore, our results suggest, subject to further Globin Gene Regulatory Regions of Antarctic Dragonfishes · doi:10.1093/molbev/msr278 MBE study, that globin gene expression at the transcriptional level was equivalent in four species from the clades Bathydraconidae and Nototheniidae.
Discussion
The Ancestral Notothenioid Globin Intergenic Region-A Reassessment
We have described previously the structural and functional properties of the globin intergenic regions of the Antarctic bullhead notothen N. coriiceps and of the New Zealand black cod N. angustata, a cool-temperate congener (Lau et al. 2001) . Because our prior analysis of the globin pseudogenes of the icefishes (Near et al. 2006 ) and our new dragonfish globin intergenic data indicated that this locus is quite malleable in notothenioid fishes, we returned to the basal clade Nototheniidae to reexamine our baseline for comparison of the globin gene complex. Our results suggest strongly that the ancestral notothenioid a/b globin locus possessed an intergenic region of ;3 kb, similar to those of D. mawsoni and of N. angustata.
Inthiscontext,thelargerrepeat-containingglobinintergene of N. coriiceps might represent a unique gain-of-function insertion of additional enhancer elements that has not occurred in the Nototheniidae as a whole. However, the transcriptionenhancing activity of the N. coriiceps intergene did not exceed those of the shorter dragonfish intergenes, at least when assessed by measurement of steady-state transcript levels (Steady-state mRNA levels integrate the rates of transcript initiation, elongation, processing, and degradation and, thus, may conceal interspecific differences in gene regulation). Determination of the functional role of the duplicated segment of the N. coriiceps intergene could be resolved by comparison with the globin gene complexes of nototheniids with active versus sluggish lifestyles (e.g., N. coriiceps and its congener N. rossii vs. Gobionotothen gibberifrons) coupled with analysis of the kinetics of mRNA synthesis and degradation in these species. Such work is beyond the scope of the current study.
The Bathydraconid Globin Intergenes-Extensive Sequence Deletion Uncovers a Highly Conserved Regulatory Motif
Selective pressure for hemoglobin function in notothenioids appears, in general, to be relaxed, consistent with our observation that the globin intergenic regulatory regions vary considerably in the Bathydraconidae, the sister group to the hemoglobin-null icefishes. Although our taxonomic sampling of the dragonfishes is incomplete (8 of the 16 recognized species), the intergenic variability of their globin gene complexes is nonrandomly distributed; each of the subclades deduced by mitochondrial DNA analysis (Derome et al. 2002) possesses an intergenic region of distinct length and sequence substructure. The intergene of the representative of the Gymnodraconinae, G. acuticeps, has an insertion of ;830 bp adjacent to the a-globin gene that has not been found in other notothenioids to date but otherwise is similar to those of the Bathydraconinae. The Cygnodraconinae intergenic regions are the shortest in length (1.5-2.3 kb) and vary with respect to several indels.
Gerlachia australis stands out from the other species examined in that its globin intergene is exceptionally small, which may indicate that this 1.5-kb segment represents the minimal combination of proximal promoter and enhancer elements necessary to drive notothenioid globin gene transcription. The maintenance of a truncated segment of the 1-C sequence element by the G. australis intergenic region (and partial to complete 1-C sequences in all other bathydraconids) reinforces our conclusion, deduced originally from analysis of the N. coriiceps and N. angustata intergenes, that this 94-137 bp motif constitutes FIG. 6 . Steady-state a-and b-globin mRNA levels from erythrocytes of representative bathydraconid and nototheniid species. Specimens of one species of each dragonfish subclade (Gymnodraconinae, Gymnodraco acuticeps, Bathydraconinae, Vomeridens infuscipinnis, and Cygnodraconinae, Parachaenichthys charcoti) were compared with the notothen Notothenia coriiceps. qPCR was used to measure transcript levels in total erythrocyte RNA by the relative standard curve method (see Materials and Methods, qPCR Measurement of Steady-State Globin mRNA Levels). The error bars represent standard deviations across specimens for G. acuticeps (n 5 2), V. infuscipinnis (n 5 4), and N. coriiceps (n 5 5); for P. charcoti, the error bar is the standard deviation for two independent qPCR analyses (i.e., independent first-strand cDNAs) of the single specimen. Nonparametric statistical analysis (Wilcoxon/KruskalWallis Tests: Rank Sums) showed neither the a-globin nor the b-globin mRNA levels differed significantly (a-globin, P 5 0.110; b-globin, P 5 0.286). Lau et al. · doi:10.1093/molbev/msr278 MBE an important transcriptional regulatory element. Intriguingly, Halldórsdóttir and Árnason (2009) reported that many of the 5#-to-3#-linked a-and b-globin genes of the Atlantic cod Gadus morhua share a conserved 89-bp element (designated c2) located in their 5#-promoters. Although the notothenioid 1-C and gadid c2 motifs do not share detectable sequence similarity (not surprising given the evolutionary distance between these taxa), we speculate that the two elements share a common role in recruiting transcriptional activators or complexes, perhaps associated with a distal aMRE (Maruyama et al. 2004 (Maruyama et al. , 2007 Hsia et al. 2007) , to the promoters of functionally paired globin genes, thus ensuring their coordinated expression during development.
Diminution of Blood Hemoglobin Concentration with Phylogenetic Diversification among the RedBlooded Notothenioids-What Is the Mechanism?
The evolutionary conservation of the intergenic 1-C element by the derived bathydraconids and basal nototheniids, a clear phylogenetic footprint, is consistent with the functional equivalence of their globin intergenes in supporting globin gene transcription, as measured by steady-state mRNA levels. Why, then, do the nototheniids generally have substantially greater concentrations of hemoglobin (21-64 mg/ml; reviewed by Kunzmann et al. (1992) ) in their blood relative to the bathydraconids (8.0-30.0 mg/ml; reviewed by Kunzmann et al. (1991) )? The most plausible explanation is that blood hematocrits are regulated differentially among the eight notothenioid clades/families and among species within each clade to levels consistent with their lifestyles. The dragonfishes are generally benthic and sluggish, whereas the notothens range from benthic and sluggish to pelagic and active. Although measurement of blood parameters can be confounded by stress (Macdonald and Wells 1991) , the correlation of hematocrit to lifestyle is strong. Thus, control of the hematocrit of notothenioids, which undoubtedly resides in the genetic program of erythropoiesis, deserves systematic study as an evolutionary component of the adaptive radiation of this group.
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